Waterflood automation at a field scale is a complex coupled problem. In our analysis, data from injecting and producing wells, as well as satellite differential interferograms (InSAR) are used as the inputs. Some information processing is carried out on-line automatically, and other needs personnel expertise. Dynamic adaptive control is performed in the mixed openloop-feedback mode. Our surveillance-control system is being implemented in Sections 32 and 33 of the Lost Hills diatomite field, CA, USA.
Introduction
Automation of waterflood surveillance and control helps to make oil recovery operations more efficient and reduce the costs related to early water breakthrough and well failure. Early warnings about possible trouble spots help to make corrective actions in a timely manner. Automation is an attractive, but challenging task 1 . Automated data acquisition and storage technologies have made impressive advances over the past decade 2 . However, it is insufficient to only collect and store the exponentially growing volumes of often meaningless data. The focus should be shifted to the development of robust on-line data analysis and quality control. In waterflood operations, this analysis should result in injection set points that can be sent to the wellhead controllers to close the control loop.
The paper is organized as follows. First, the principles of dynamic adaptive control are discussed. Then, several on-line and off-line methods of monitoring performance of an injection well are reviewed and evaluated. After that, examples of simultaneous analysis of the InSAR subsidence maps 3 and maps based on performance analysis of the individual wells in the project are presented. Two Appendices include brief background material related to the Hall plot, slope analysis, and the frequency-domain asymptotic estimates of time-dependent formation properties.
Dynamic adaptive control
Waterflood projects affect reservoir dynamics over large portions of oilfields. However, oil is produced and water is injected locally through individual wells. Therefore, it is natural to control an entire waterflood project by adjusting injection rates and pressures individually at each well. Clearly, the injection rates and pressures are coupled parameters: An increasing injection pressure results in an increased rate, and vice versa. In a moving car, the driver adjusts the accelerator pedal to increase or decrease the torque passed from the engine to the wheels to maintain the desired speed. Similarly, the force driving a waterflood, the injection pressure, is regulated to maintain the desired injection rate. In a car, the engine power is regulated by opening and closing a fuel throttle. At a well, the pressure is regulated by a valve installed at the wellhead. Therefore, the objective of the control at each individual well is to set up the pressure in such a way that the injection rate is maintained at the desired level. How to select the target rates for each well depends on an analysis of performance of a group of wells or the entire field. This analysis includes oil, water, and gas rates at producing wells, subsidence and consequent well failure, rock mechanics and physics, oil prices, etc. Below, a subsidence case is analyzed using satellite InSAR images a , see also Ref. 3 . The formation conditions near the wellbore change in the course of operations. Especially, this is the case when the reservoir rock is low-permeability, soft, and prone to damage, like the diatomite 4, 5 . The injection pressure must be adjusted according to these changing conditions; therefore, control must be dynamic. There are two major types of regulation: open-loop and closed-loop control. The former means that the control set points are planned in advance for a substantial period of time, whereas the latter one means that the set points are generated from the current measurements of available parameters. In fact, for injection control, neither of these two modes is suitable in its pure form. The open-loop control requires a reliable model of the process with accurately specified parameters that are almost never available for subsurface fluid flow. The closed-loop control or, otherwise, the feedback regulator, is also not suitable because the current injection conditions are the result of the history of well a InSAR images are produced by Vexcel Corporation. 6, 7 . Therefore, a mixed control scheme has been selected, see Fig. 1 . The set points are generated in cycles: At the end of each cycle, the model and the target rates are updated, and new set points are computed based on this updated information.
SPE
For an injection well, the main parameters usually are the injection rate and pressure. Certainly, the fluid properties are of great importance. For an injection well these properties usually do not vary significantly in time and can be assumed constant over the time of operations (unless of course the water salt and solid content, as well as bacteria counts change considerably). The set point is computed based on the target injection rate and analysis of the near-wellbore reservoir conditions. For the latter task, the injection pressure and rate are extracted from the continuously updated database over a period of time. These data are processed to optimally generate a set point. Here optimality means maintenance of the target injection rate. The target injection rate is external to the well control scheme in Fig. 1 . It has to be developed from an analysis of field operations over one or several patterns. Once the necessary calculations have been carried out, a pressure set point is generated and passed to the wellhead valve controller. Thus, the control scheme Fig. 1 operates in its own time cycles: the current set point is applied for a period of time until a new set point for the next cycle is generated. Our data processing algorithm for optimal set point generation uses a model of fluid flow in the vicinity of the wellbore. Such a model should be adequate for the type of the well. For instance, the models of flow near hydrofractured and not hydrofractured wells are different. The good news, though, is that the steady-state for radial and non-radial flow models leads to the similar relationships between injection rates and pressures at the wellbore 8 . In any case, identification of parameters based on these models involves a significant degree of uncertainty. Therefore, there is little or no chance to estimate the well injectivity only once and then use this value in the pressure point generation. Even a very good-fit history match cannot yet provide the estimated parameters with longtime predictive capabilities. Therefore, the model parameters must be re-identified during each control cycle. This periodical re-identification of model parameters makes the control scheme adaptive. 15 reviewed some uncertainties associated with this method and proposed to partially resolve them using a novel "slope analysis." The idea of using Hall's method in automatic maintenance of a desired target injection rate is similar to that of using a thermostat for maintaining a constant temperature. If the rate over a control cycle exceeds or is below the target rate, then the pressure should be increased or decreased, respectively. The Hall plot method is an efficient means of computation of the appropriate injection pressure corrections. In the next section, we consider some technical aspects of the proposed procedure in more detail.
On-line and off-line well monitoring and diagnostics
The argument in the previous section suggests that injection well monitoring and control should be performed by a combination of on-line automatic procedures and off-line analysis requiring input from reservoir engineers. In the following subsections, we briefly describe the automated online procedure and present samples of the off-line analysis.
Automatic pressure set point generation using the Hall plot and slope analyses
The Hall plot analysis (see Appendix A), due to its simplicity, can be used efficiently for the on-line injection pressure set point calculation. Once the data over the last control cycle have been acquired, the Hall plot can be used to update the model and to calculate the pressure set point. For example, Fig. 2 displays a 2-day interval of injection data from a well. Using Hall's analysis, the proportionality coefficient between the integral of injection pressure and cumulative injection (see Eqs. (5) and (6)) is estimated. This proportionality coefficient must be equal to the coefficient of the injection rate Q in Eq. (4). For example, using a well injecting 200 bbl/day, substitution of the estimated coefficient and the target rate of 200 bbl/day back into Eq. (4) yields the pressure set point 1041 psi. This value does not differ much from the average pressures over the considered time interval, which is an indication of stable injection.
The Hall plot in Fig. 3 , has been corrected using the slope analysis described in Appendix A, see also Ref. 15 .. After this correction, the Hall plot shows a tiny increase of the slope, which means a decrease of injectivity at the beginning of the data interval. Apparently, this behavior might be related to the irregular injection pressure during the first half-day of water injection displayed in Fig. 2 .
The computed pressure set point is applied on the next control cycle, after which the computations are repeated and the set point is refreshed. The described procedure requires very simple computations, which can be conducted in a fraction of a second on a low-performance computer. Since the pressure set point is periodically refreshed on every control cycle, the procedure is dynamic. It handles the uncertainties associated with the injection zone characterization by fitting the continuously acquired data over each control cycle, so that the current model is applied to the next cycle only and updated afterwards. This feature makes the control adaptive. As an additional safeguard preventing unwanted formation damage, the injection pressure increment between two consecutive cycles can be limited. Such a constraint makes steady-state performance of each injection well stable. However, a different procedure may be required when the well is started or shut-in, if the admissible increment is conservatively small.
Combining slope analysis with transient analysis
The data presented in Fig. 2 also show several intervals of transient pressure and rate behavior. This circumstance makes applicable transient well test analysis methods. Refs. 11 and 12 have developed a method for analysis of regular injection data. This method accounts for the fact that regular operations data are the result of superposition of the steady-state pressure distribution developed near the wellbore and the transient fluctuations. The injection rate corresponding to this distribution is an additional fitting parameter. If, in addition to random fluctuations, prescribed fluctuations are imposed by the valve control, then the slope analysis results from different wells can be standardized and a map of the estimated reservoir pressures be drawn. An example of the slope-analysis pressure estimates is presented in Fig. 8 and Fig. 9 . Note that the slope and intercept maps have a close correspondence with the short and long-string surface injection pressures in Fig. 10 and Fig. 11 . The latter two maps have been obtained only for wells injecting at similar rates.
Formation properties analysis using periodic fluctuations
The formation properties can be estimated by using frequency-domain analysis, see e.g., Ref. (8) is asymptotically equivalent to the Fourier transform of the steady-state solution (4) evaluated at the wellbore. It is also shown that the asymptotic requirements are satisfied within a reasonably broad range of reservoir properties and frequencies. Hence, one can treat the injection rate and pressure in Equations (4) The amplitudes of fluctuations determine the data-to-noise ratio. If injection goes "too smoothly," and the rates and pressures are practically constant, no information about the injectivity index can be extracted. However, if the injection rate and pressure are fluctuated near some reference values with a prescribed periodicity, both the slope analysis and the frequency-domain analysis can produce valuable information about the injection well and reservoir performance. The amplitude of such fluctuations does not need to be large, so no interruption of regular operations is required.
The current analysis is complicated by the dependence of the external influence zone radius on the frequency. A similar difficulty is discussed in Appendix A with regard to the slope analysis. To inspect the dependence of the influence zone radius r e on the frequency, synthetic data were generated and analyzed. The model of superposition of transient and steady flows used in the transmissivity estimates in Refs.11 and 12 was used to generate time series corresponding to the piecewise-constant periodic injection rates. The real data fitting results, Fig. 4 , were used as the input parameters. The model simplicity allows us to do most computations semianalytically. An example of the generated data is displayed in Fig. 5 . The rates and pressures are sampled every 5 minutes. Periodic data are very suitable for frequency-domain analysis because the main frequency is known and does not need to be detected using Fourier analysis. To investigate the influence of the frequency on the injectivity index and, thereby, on the influence zone radius, a series of data sets has been generated at the same formation properties but varying frequencies of the fluctuations. Plotting ln(r e (ω)/r w ) versus the logarithm of frequency, one obtains a linear dependence, which suggests a power law dependence of the radius of influence on the frequency. The power exponent is different from the expected square root of frequency decay. The reason may be in the fact that the data are not ideal periodic functions, but a time series spanning a finite interval. This, in particular, is the reason of the presence of a decaying trend in the pressures plot in Fig. 5 .
To test the dependence of the radius of the influence zone on the permeability, the same model was used to generate a series of data sets at a fixed frequency, but with a variable transmissivity coefficient. We assume that the transmissivity coefficient variations are exclusively due to the permeability variations, while all other parameters remain unchanged. The results of these simulations are plotted in the semilog coordinates in Fig. 7 . Again, the decay is scaled as a power of the transmissivity, but the exponent is different from one half. The synthetic data analysis suggests that frequencydomain analysis can be used for well performance evaluation by repeated tests like the ones shown in Fig. 5 . The fluctuations in the pressures and rates are not large, so such a test can be performed as a part of regular field operations. The absolute value of the injectivity index involves both transmissivity and the radius of the zone of influence in a coupled manner. The history of the formation transmissivity and the influence zone radius estimates obtained on different time intervals, and comparison with the production and injection data from neighboring wells, can provide useful insights into the possible formation damage and water breakthrough. One can then promptly react by adjusting the controller target rate.
Use of InSAR subsidence images in field monitoring
The line-of-sight motion of land surface above the Lost Hills diatomite field is monitored every 24 days with use of the differential synthetic aperture radar interferograms (inSAR). The inSAR images are acquired and processed by Vexcel Corporation. The square voxel size is 20 m (67 ft). A recent, May-April, 2005, example -zoomed to encompass only parts of Sections 32 (west) and 33 (east) -is shown in Fig. 12 . The downhole locations of the diatomite water injectors are shown as black squares and of the producers as open diamonds. Each injector-centered pattern covers roughly 3×3 voxels. The surface motion is very dynamic and has a significant elastic ("instantaneous") component. The red and yellow islands of uplift near the east flank become the blue islands of subsidence near the crest. The cumulative subsidence has been calculated by section and shown in Fig 13. Note that overall the subsidence has been arrested in Sections 32, 33 and 29, while it continues unabated in Section 4.
The oil and water production rates from well tests in April and May 2005, are shown in Fig. 14 and Fig. 15 . The point rates at the downhole well locations were interpolated linearly using the Delaunay triangulation. The result was then gridded using a triangular mesh, so that the hard well data were honored. A comparison of the latter two figures with Fig. 12 shows that that high oil production rate generally correlates with the arrested subsidence or uplift, while the high water production rate correlates with subsidence. This correlation is especially visible across the rectangular region in the southcentral portion of the image, bordered from the west, north, and east by three faults.
The positive correlation of gross production with subsidence is clearly visible from the triangulated map in Fig.  15 . It is interesting to note that the product of stroke frequency × stroke length × pump size 2 × fraction of time the pump is on (inch 3 /minute), see Fig. 17 , is a good proxy for the gross production.
Therefore, using the continuous pump-off controller data will be our preferred way of providing continuous production feedback to the injection controllers. Figures Fig.  10 and Fig. 11 below. Fig. 9 . Section 32 slope analysis intercepts in psi-day/bbl. Short string intercepts are displayed on the top map and the long-string intercepts on the bottom map. A larger intercept may mean either higher permeability of the formation near the wellbore, or a smaller injection fluctuations influence radius. Fig. 11 . Pressures map analogous to the one displayed in Fig. 10 , but for the long strings. The pressures are higher than in Fig. 10 ; however, the low-permeability region to the north-east is also noticeable. 
Conclusions
Waterflood automation at a field scale is a complex coupled problem. The input data are acquired from individual injection wells as time series of injection pressures and rates; from individual producers, as well test data and time series of pump stroke lengths. A combination of the Hall plot, slope analysis, transient test and frequency-domain calculations is used for the automatic and off-line monitoring of individual well performance. The satellite differential InSAR images provide valuable global information about surface subsidence and the formation damage, which is then fed back to the injection controllers. Some data are processed in automatic mode and some require input from qualified personnel. The automatic control loop is based on the principles of dynamic adaptive control. The nature of the fluid-rock interactions in a waterflood in soft rock requires a mixed open-loop-feedback control mode, in which the computed set points are generated and applied in a cyclic manner. Each control cycle concludes by updating the model parameters and control based on the information acquired as time series. This comprehensive field surveillance/control strategy is being implemented at the Lost Hills diatomite field, CA, USA.
versus the cumulative injection
must be a straight line. Thus, a deviation from a straight line should signify alterations of the formation properties. The simplicity of this injection performance monitoring method is offset by the necessity to determine the ambient reservoir pressure p e . Silin et al. 15 have demonstrated that if an incorrect estimate of p e is used in Hall's analysis, then the change of slope may occur when no transmissivity modifications happen and, conversely, the changing injectivity can be hidden. To correctly interpret the Hall plot, a novel "slope analysis" has been proposed in Ref. 15 
then p w /Q is a linear function of 1/Q, and the slope of the plot of this function is the reservoir pressure at the perimeter of the injection zone, see Fig. 18 . The latter concept needs an additional comment. The ambient pressure estimate furnished by slope analysis is coupled with the estimate of the intercept of the straight line defined by Eq. (7). The rate and pressure fluctuations may happen on different time scales. The portion of the reservoir affected by these fluctuations depends on this time scale. High-frequency fluctuations affect a smaller domain than the low-frequency fluctuations. Note that by the nature of the processes and the way the data are collected, the high frequency in this context means a tiny fraction of 1 Hz, and is far below the seismic low-frequency range. A plot of the slope and intercept estimates obtained for the same well from different data intervals is presented in Fig. 19 . The linearity of the plot confirms the logarithmic scaling of the reservoir pressure decay against the distance to the wellbore in steadystate injection. 
has a logarithmic singularity as r/r c →0. Here r c is some characteristic distance from the wellbore, intermediate between the wellbore radius r w and the influence domain radius, r e . Such choice of distance scaling makes possible asymptotic analysis of the pressure distribution assuming that both r w /r c and r c /r e are small parameters. The constant coefficients C 1 and C 2 are determined by the boundary conditions. Note that both C 1 and C 2 are complex functions of frequency ω. 
